ABSTRACT
INTRODUCTION

27
As a result of the growing complexity of water networks, supervisory control and data acquisition Finally, some conclusions are drawn.
85
STATE ESTIMATION SENSITIVITY ANALYSIS
86
In this section the state estimation problem is formulated as a constrained WLS problem and 87 the expressions for sensitivity analysis are derived. Afterwards, these general expressions are 88 formulated for water systems.
89
State Estimation Formulation
90
The state estimation problem can be written as a mathematical programming problem as follows: experts for calibration purposes (e.g. Kapelan et al. (2007) , Kumar et al. (2010) 
where k is an index that represents the number of the measurement. Note that h(x, θ) considers that water flows from the lower to the higher numbering node, i.e. i < j. Two subsets Ω I i and
119
Ω O i are defined for each node i corresponding to water inflows to node i from the rest of nodes 120 connected to i through a pipe, and water outflows from node i to the rest of nodes connected to i 121 through a pipe, respectively. Note that Eq. (3) is a flexible way of formulating the problem, and 122 it enables to take into account the required headloss and continuity equations depending on the 123 available measurements. Additionally, Eq. (2) represents the problem's hydraulic constraints, with 124 λ being the dual variable vector related to equality constraints. In this work, we consider demand at 125 transit nodes (∀i ∈ V T ) to be null, i.e. nodes known to have zero consumption, as the only equality constraints, so Eq. (4) can be specified as:
128 Thus, the number of equality constraints c is equal to the number of transit nodes of the network
129
(the cardinality of V T ). detail), the following sensitivity matrices are obtained: 
151
Sensitivities provide information about how much the optimal estimated variablesx or the objective 152 functionĴ changes when parameters θ or measurements z change one unit. Therefore, units 
158
The main contribution of this work, which is to adapt these expressions to the reality of water observable. Note that when only head levels at tanks and water demands are metered, problem
165
(1)- (2) is equivalent to solving the flow network, and thus the sensitivities computed with Eqs.
166
(5)-(6) are equivalent to those proposed by Piller et al. (2017) for demand driven models.
167
Specific Expressions for Water Distribution Systems
168
In order for these expressions to be specified for water systems, matrices J x , J x x and F x from 169 (5)-(8) can be obtained as follows:
171
172
173
where H is the m × n available measurement Jacobian matrix, F x is the c × n equality constraint 
182 where Q i j is an auxiliary variable that refers to water flows and can be written as:
with V and L representing the whole set of nodes and link elements in the system, respectively.
On the other hand, the components of F x can be obtained as:
187
Similarly, matrices J θ , J xθ and F θ can be obtained as:
189
191
where P is the m × p roughness Jacobian matrix. As before, second order derivatives have been
192
neglected for the computation of J xθ , and F θ is the c × p equality constraint roughness Jacobian 193 matrix. Also, note that θ lr is here used in order to refer to the fact that roughness is a property of a 194 pipe that goes from node l to node r, but θ represents a vector (i.e. not a matrix). Components of 195 the roughness Jacobian matrix for the construction of P can be computed as shown below:
197
where Q lr can be obtained from Eq. (13). Also, F θ components can be computed as:
Finally, matrices J z and J x z can be computed as:
201 
245
In such scenario, the previously presented sensitivity analysis formulae have potential to ap- mean measured value and the particular measurement z that is to be analysed:
254
Similarly, the chain rule could be applied to highlighted that this simplification implies the assumption of a linear behaviour near the optimum.
257
Its validity depends on the network response and uncertainty magnitude, which may be dubious at 258 some locations that might be especially prone to non-linear behaviour. Nevertheless, it permits to 259 significantly reduce the computational cost associated with simulation experiments without severely affecting the quality of results, as it will be shown in the case study.
261
CASE STUDY: HANOI NETWORK
262
The purpose of this case study is to demonstrate state estimation sensitivity analysis in water 263 systems, as well as to show the potential of the aforementioned applications. With this aim, the 264 well-known Hanoi network (Fujiwara and Khang 1990 ) is adopted for illustration in this work.
265
The network originally consists of 1 tank, 31 demand nodes and 34 pipes, but as in Díaz et al. are usual values for such metering devices.
282
Identifiability of roughness parameters
283
As commented before, the derivative of the objective function with respect to the Hazen- 
291
These results show that when a roughness value below C real is used to solve the state estimation 292 problem, the associated derivatives are mainly negative, which indicates that their roughness should 293 be increased to reduce the objective function, i.e. to achieve a better state estimation result. Note Moreover, Table 1 shows that the relative importance of pipes is basically the same regardless identifiability in 2-3 is greater than in pipe 1-2 due to the pipe length. Sensitivities below 50% percentile 
